Background: Integrated vector management strategies depend on local eco-bio-social conditions, community participation, political will and inter-sectorial partnership. Previously identified risk factors for persistent Triatoma dimidiata infestation include the presence of rodents and chickens, tiled roofs, dirt floors, partial wall plastering and dog density.
Introduction
Chagas disease transmission by triatomine bugs persists among the poorest populations in Latin America, 1, 2 with little progress achieved in treatments to reduce morbidity and premature mortality. 3, 4 Significant but uneven advances in vector control were accomplished through indoor residual spraying. However, sustainable surveillance and control interventions are needed in the longterm. 5, 6 It has been argued that public health interventions, as well as prevention/control efforts, should actively incorporate community participation, while considering knowledge and perceptions of populations at risk. 7 Social, economic and political factors have increasingly been recognized as risk factors linked to the disease. However, research and control efforts focusing on these factors have remained scarce. 2, [8] [9] [10] Limited knowledge about the disease combined with poor housing conditions and deficient sanitary surroundings provide environments where triatomine bugs thrive and continue to pose challenges for sustainable control. 7 In Guatemala, there are regions where Triatoma dimidiata infestations have remained above 20%, despite multiple insecticide treatments over the past decade. 11 The eco-bio-social factors associated with persistent intra-domiciliary T. dimidiata infestation were determined in one such region of Guatemala. 12 These factors included ownership of more than one dog, the presence of rodents, coffee trees, partially plastered walls, dirt floors and tiled roofs. In addition, dogs and rodents (Mus musculus and Rattus rattus) were found to be infected with Trypanosoma cruzi, and identified as blood meal sources for triatomines. 12 Thus, these animals may play a role as parasite reservoirs in the household.
These previously identified risk factors for transmission guided the design of the intervention to address them through an integrated approach promoting active participation of community members to ensure sustainable Chagas disease control. We hypothesized that the risk of transmission could be minimized by providing access to tools and knowledge to reduce rodents as reservoirs. This work describes 1) eco-bio-social and institutional situational analyzes; 2) community-based participatory processes to develop, implement and evaluate the intervention; 3) changes in knowledge, attitudes and practices; 4) intervention effects on rodent infestations; 5) analysis of early instar infection; 6) reflections from participants and key stakeholders on intervention implementation.
Materials and methods

Situational analysis
In 2011, a knowledge, attitude and practices (KAP) survey was performed to identify eco-bio-social risk factors for T. dimidiata infestation in 472 households among 30 communities in the municipality of Comapa and two in the municipality of Zapotitlá n, department of Jutiapa, in eastern Guatemala. 12 A follow-up KAP and animal survey in a subset of 248 households was conducted to better understand the role of rodents and domestic animals.
Twelve face-to-face semi-structured interviews 13 were performed with key stakeholders in Jutiapa and Guatemala City, between November 2010 and April 2011. Interviews generated information about policy, strategic actions, and collaborative efforts between stakeholders, as related to Chagas disease. Information enabled mapping the stakeholder environment and policy framework on Chagas disease prevention. Individual written informed consent was obtained from participants before surveys, interviews and participatory activities. Group written consent was obtained before group meetings. Consents were obtained to photograph and video record activities. The study was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Pre-test post-test control group study design
Eighteen communities from Comapa (Jutiapa, Guatemala) with infestation levels .15% during the situational analysis survey 12 were randomly assigned to nine control and nine intervention groups. Twenty-four households per community (one community had only 21 households), representing a cluster, were selected using a probability systematic sampling design. 12, 14 All households simultaneously received pre-test (2012) and post-test (2014) KAP, entomological and rodent surveys, as described before.
12 Pre-test post-test surveys were designed to develop indices measuring changes in participants' knowledge about Chagas disease, triatomine risk perceptions, and domestic and peridomestic animal management practices associated with triatomine presence (Supplementary Table 1) . 12 
Intervention
An integrated vector management (IVM) intervention was aligned with health and development programs in the region to reduce transmission risks associated with persistent infestation. Intervention development included a cyclical process of requesting community members' input, and engaging them in critical reflection regarding appropriate/appealing practices, based on the situational analysis of current practices regarding previously identified risk factors. The intervention (Supplementary Figure 1 and Supplementary information) integrated the following: 1) education regarding the disease and risk factors associated with infestation; 2) a modified participatory spraying method including tiled roofs and all walls to eliminate triatomine infestation potentially associated with rodent nests; 3) participatory education and training in mechanical rodent control; 4) participatory education and training in organic waste management combined with productive household activities (i.e. horticulture and chicken rearing); 5) a participant-based reflective process on the intervention. Selected strategies considered participants' input. Groups participating were heterogeneous (comprising men, women, children and mixed adults). Several children joined their parents during participatory meetings in intervention communities. Control communities were offered the standard Ministry of Health (MoH) insecticide application method that excludes external walls and tiled roofs, with deltamethrin, 25 mg active ingredient/m 2 (Bayer Environmental Science, Lyon Cedex 09, France).
Triatomine infection determination
Gut tissue of first, second and third instar nymphs, as an indicator of recent transmission risk, was processed for DNA extraction and polymerase chain reaction for T. cruzi minicircle DNA as previously described. 12 
Participatory action research (PAR)
Participatory action research was used to aid perception and behaviour changes through active stakeholder participation. 15 Participants shared their knowledge, acquired new knowledge, recorded changes they practiced at home, and reflected upon the learning-change process. This approach was intended to build ownership of information and commitment to the learning-change-action effort. 15 
Stakeholder intervention perceptions: in-depth interviews
Seven face-to-face, unstructured interviews were performed with local governmental and non-governmental representatives between December 2012 and April 2013 in Comapa, Jutiapa, to understand local context regarding institutional roles and experiences in development projects. Semi-structured interviews with key informants (n¼19) and selected participants (n¼29) were conducted from October 2013 to March 2014 in order to understand intervention implementation and adoption of new practices by participants. Participants were selected to represent all communities based on maximum variation 16 considering gender, participation level, age and marital status. Table 1 ). Each index was analysed by Student's t test to determine differences between control (n¼198) and intervention (n¼194) communities at each time point. Domiciliary triatomine infestation was analysed by binary logistic regression with the following covariates: community (cluster), coverage (percentage of households participating per total household number in the community and insecticide application acceptance), domiciliary triatomine and rodent infestation at baseline. Odds ratios were calculated for nymph infection and rat infestations.
Data mining and analysis
Interviews and intervention participatory group meetings were recorded and later transcribed verbatim. Field notes, transcriptions, matrices and reflective notes from intervention participatory group meetings were encoded into NVivo 9 (QSR Int.). Data analysis was performed simultaneously with data generation. 13 Axial coding was used to generate categories and themes 17 based on the Predisposing, Reinforcing, and Enabling Constructs in Educational/ Environmental Diagnosis and Evaluation-Policy, Regulatory, and Organizational Constructs in Educational and Environmental Development (PRECEDE-PROCEED) model. 18 Comparative matrices were elaborated to synthesize eco-bio-social data and advanced search routines were conducted for in-depth analysis. 19 
Results
Chagas disease control stakeholder context and policy analysis 
Situational analysis KAPs
Limited knowledge regarding the disease and transmission was identified during the situational analysis. Only 240/472 (50.7%) participants mentioned some knowledge about the disease transmitted by triatomines or had heard about Chagas disease (Table 1) . When prompted with additional questions regarding transmission, a total of 242 responded. Of these, 87 (36%) said they knew how the disease was transmitted and mentioned primarily health centre and vector personnel as sources of information (Table 1) . When asked additional questions about transmission, a total of 96 responded. Of these, 75 (78.1%) participants mentioned vector-borne transmission; only 8 (8.3%) had the misconception of person-to-person transmission. In contrast, there was widespread awareness regarding triatomines. When shown triatomine pictures, 419/470 (89.1%) correctly recognized them (Table 1) . Most (87.3%) responded they had heard about triatomines (Table 1) . Of 412 who knew something about triatomines, 410 (99.5%) knew they posed a danger to their health and 311 (75.5%) mentioned they did something to protect themselves from triatomines. When asked what they would do to protect themselves from triatomines, frequent answers included spraying insecticides, plastering walls, killing bugs and taking the domestic animals outside the house (Table 1) . Almost half of 472 participants reported the presence of chickens and dogs (Table 2) . Regarding rodent control practices, both mice and rats were controlled with the same methods, mainly using poisons. Only 10/241 (4.1%) mentioned using traps to control rats. Cats were mentioned by one third of respondents as a rodent control method. Of 246 households surveyed for rodents, 118 (48.0%) and 52 (21.1%) had detectable Mus musculus and Rattus rattus infestations, respectively.
Intervention effects on triatomine infestation and infection
In 2012, domiciliary triatomine infestation was 19.3+10.2% and 19.0+9.0% in intervention (n¼194) and control (n¼199) communities, respectively. In 2014, infestation was 7.9+7.0% and 5.9+5.8% in intervention and control communities, respectively. Infestation was not significantly different between groups when controlling for baseline rodent and triatomine infestations, cluster and coverage (% households participating among the community and households accepting insecticide applications). Odds (95% CI) of finding bugs in a house belonging to the intervention was 10.6 times greater (3.2-34.8, 95% CI) if it was previously infested (Table 3 ). There were no significant odds of finding bugs in a control house if it was previously infested. Re-infestation in the intervention communities had 2.6 (1.4-4.9 95% CI) higher odds to occur in houses with tiled roofs (7/16), whereas in control communities they were not associated with this type of roof (1/12). Infection was detected by PCR in 4/37 (10.8%) 1 st to 3 rd instar nymphs from intervention households and 17/34 (50.0%) from control. There was 8.3-fold (2.4-28.4, 95% CI) higher odds of finding infected early instars in the control than the intervention (Table 3) .
Intervention effects on rodent infestation
In 2014, R. rattus infestation was 30/192 (15.0%) in control and 16/190 (8.4%) in intervention communities, with 1.9 (1.09-3.45, 
Changes in knowledge, attitudes and practices
At baseline in 2012 there was a significant difference between intervention and control communities in knowledge regarding triatomine biology (Student's t test, p,0.05) (Figure 2A ). No significant difference between groups was detected regarding knowledge and attitudes towards the disease at baseline (Figure 2B ; p.0.5).
In the post-test survey in 2014, there was a significant difference between intervention and control groups in the knowledge regarding triatomine biology and Chagas disease (p,0.001). At baseline, there was no significant difference between intervention and control groups in practices to protect themselves from the disease, which included rodent control measures ( Figure 3A) , chicken management ( Figure 3B ) or accessing health services ( Figure 3C ). In the post-test survey, there was a significant difference between intervention and control groups in prevention practices mentioned above (p,0.001). There was also a significant difference in knowledge regarding rodent biology (p,0.05) (data not shown).
In the final KAP survey, of 182 households in the intervention group who practiced rodent control, 142 (78%) mentioned using traps. Our environmental management recommendations were adopted by 51/67 (76%) households who had orchards, and 42/69 (60.9%) who produced compost. Of the 89 participants in the intervention who mentioned at the pre-test survey that rats carry diseases, 30 (33.7%) described using poisons and 73 (82%) described the use of traps, at the post-test survey. Of 92 participants in the control who mentioned rats carry diseases at the pre-test survey, 58 (63.0%) used poisons and 12 (13.0%) used traps, showing significantly different practices between groups at the post-test survey (Fisher's exact, p,0.001).
Intervention sustainability and limitations
During group reflective sessions to enhance the PAR learningreflection-action process (Table 4) , participants identified intervention benefits, among which were: provision of traps for rodent control; spraying and cleaning for bug control; practices calendar; orientation on how to protect themselves from the triatomine bug. According to some participants, sustainability of the initiative will depend on collaboration between the health centre, local NGOs, other government agencies and community members, among others. Table 5 shows variable levels of participation as a percentage of meetings attended by a household member. The majority of households had a high participation level (96 of 216, 44%), followed by a medium participation level (93 of 216 households, 43%). Key barriers to participation included communication limitations and responsibilities towards caring for family members (children, older relation, husband). Sharing participation responsibilities across household members was demonstrated as a way to ensure participation at meetings.
Discussion
Our study shows that development of multi-sectorial IVM strategies relevant to communities, combining insecticide application with education and rodent control, will reduce the transmission risk in the household. The community-based program shared knowledge between participants and researchers about risk factors, emphasizing the role of peridomestic animal management. The use of socio-culturally sensitive education approaches Transactions of the Royal Society of Tropical Medicine and Hygiene led to significant changes in knowledge and practices related to animal management. High adoption of rodent control methods and higher odds of rodent infestation in the control group suggest method effectiveness. Higher odds of early instar infection in control communities, despite similar triatomine infestations, suggest the combined strategies could reduce risk of infection to humans. Community-based interventions have been evaluated over recent decades. In Paraguay, combining insecticide application and plastering reduced infestation with Triatoma infestans. 20 In Mexico and Guatemala, interventions testing household ordering and plastering show variability in effectiveness due to adoption differences between and within communities. 21, 22 Even though housing improvement and education can reduce T. dimidiata vector habitats, peridomestic infestation foci persist as a threat for transmission. 22 Rodent control could complement vector control programs by reducing peridomestic reservoirs, as proposed for Triatoma brasiliensis.
23
The association of tiled roofs with households showing persistent infestation in intervention communities points to a potential role of rat nests among tiles stored nearby, as suggested in Costa Rica. 24 It is possible that the modified insecticide application prevented triatomine dispersal from rodent nests found in the walls and focalized infestation to houses with nearby rodent nests associated with stored tiles. However, it cannot be determined if the modified spraying method alone could lead to this observed difference. Developing control strategies to target peridomestic re-infestation sources could ultimately increase control efficacy. 25 The intervention appears to have reduced rat infestations and recent triatomine infections. Future blood meal analysis should clarify the effect of the intervention on triatomine feeding behavior and contact with humans as a proxy to transmission potential. To our knowledge, this is the first study implementing mechanical rodent control in the region. Given the high rodent infestation levels observed, there is a need to develop and implement community-based rodent control not only for Chagas disease control but also to promote healthy environments. 26 Given the complexity of eco-bio-social determinants, control strategies should consider population well-being and incorporate participation of government and civil society. 27 Furthermore, our approach requires the development of community-directed actions adapted to sociocultural and biophysical characteristics of the areas. 2, 28 Future implementation challenges will include 1) the need to involve multiple stakeholders, such as ministries and local NGOs; 2) resources such as insecticide and rodent traps; 3) active participation of community members with low literacy levels; 4) limited time and resources such as water. 29 Our IVM strategy, if presented as a complete program with defined institutional roles, could increase the efficacy of the MoH control program by capitalizing on collaborations between MoH, community leaders and food security programs, with existing infrastructure and organization for the delivery of rodent control methods. The strategy could complement housing improvement and education efforts by focusing on households with identified persistent infestation risk factors, such as tiled roofs, and improving insecticide application methods to include all walls and peridomestic construction material storage. 21 Future studies will determine if this strategy could result in a reduction of transmission risks not only for Chagas disease, but also for other diseases transmitted by rodents, such as leptospirosis and salmonellosis, contributing to community-wide well-being.
A limitation of this study is the short-term entomological evaluation. The study was designed to detect a decrease of infestation from 20% to 10% in control communities and from 20% to 5% in intervention communities 1.5 years after intervention completion. 30 However, infestation levels were measured 7-9 months after intervention completion. Future entomological surveys will be needed to evaluate intervention long-term effects. Another potential limitation to detect differences could be the sharing of intervention fragments across control communities through ongoing food security, MoH programs and neighbours. The pretest post-test survey results suggest these potential sources of contamination were not significant at this time, but should be considered in future evaluations.
Conclusions
The community-based intervention promoted rodent and chicken management for the reduction of Chagas disease transmission in a region with persistent triatomine infestation. Main outcomes included: 1) increased knowledge regarding Chagas disease; 2) behavioural changes with adoption of practices for triatomine and rodent control; 3) reduced rat infestations; 4) focalized re-infestation to houses with tiled roofs; 5) reduced infection odds of early instars; 6) promotion of collaboration between communities, private business, government agencies, nongovernmental organizations and universities. The results suggest transmission is reduced and provides evidence to the MoH to modify insecticide application methods and prioritize households with tiled roofs for housing improvement strategies. We recommend that participatory rodent control should be included as part of Chagas disease control strategies in areas with high rat infestations.
Supplementary data
Supplementary data are available at Transactions Online (http://trstmh.oxfordjournals.org/).
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